Introduction

P
eriprocedural myocardial injury (PMI) is a common complication that occurs after percutaneous coronary intervention (PCI). In patients with PCI-related myocardial injury, there is a rise in cardiac troponin, which is a more sensitive marker than creatine kinase-MB (CK-MB) for minor degrees of myocardial damage. In 2007, the Joint European Society of Cardiology/American College of Cardiology/American Heart Association/World Heart Federation Task Force presented a bespoke definition for PCI-associated myocardial injury as an elevation in cardiac troponin values more than fivefold; the upper side-branch occlusions, slow-flow or no-reflow phenomena, epicardial or microvascular spasms, and disruption of collateral flow. [1] Angiographic collateral flow is evaluated using the Rentrop collateral score: 0 means no filling of collateral vessels, 1 means filling of collateral vessels without any epicardial filling, 2 means partial epicardial filling by collateral vessels, and 3 means complete epicardial filling by collateral vessels. [2] Coronary interventions and ischemia, followed by reperfusion, often trigger a harmful cascade. [3] Increased vascular levels of reactive oxygen species in some procedures (e.g., elective PCI) induce an increase in F 2 -isoprostane formation, [4] and elective PCI increases the level of 8-iso-prostaglandin F 2 -alpha, which is formed nonenzymatically through a free-radical catalyzed attack on esterified arachidonates. [5] Exogenous antioxidant agents confer protection against reperfusion, caused oxidative stress. Vitamin C or ascorbic acid, a water-soluble antioxidant vitamin, can effectively scavenge superoxides and other reactive oxygen species such as superoxide dismutase (SOD) and nicotinamide adenine dinucleotide phosphate oxidase; a major source of superoxide which also prevents the oxidation of tetrahydrobiopterin and increases endothelial nitric oxide synthase enzyme activity. [3] The preprocedural intravenous (IV) infusion of Vitamin C has a significant role in the reduction of myocardial reperfusion injury and improvement in microcirculation in PCI-treated patients. [4, 6] Contrast-induced acute kidney injury (CI-AKI) is one of the complications of contrast media. A recent systematic review showed that prophylactic administration of ascorbic acid plus saline may reduce the risk of CI-AKI. [7] A previous investigation reported that the level of plasma neutrophil gelatinase-associated lipocalin (NGAL), as an early sensitive biomarker, was able to predict AKI after PCI insofar, as there was a significant rise in serum NGAL level at 2, 4, and 8 postprocedural hours. [8] A granule membrane protein of platelets and endothelial cells, P-selectin induces platelet activation, which enhances platelet aggregation and thrombus formation. There is established evidence of P-selectin expression in coronary artery disease and higher expression in patients with acute coronary syndromes. [9] It has been indicated that Vitamin C interferes with P-selectin translocation to the endothelial cell surface in response to radicals. In patients with aortic stenosis, there was a reduction in soluble P-selectin in the Vitamin C group. [10] Despite all the previous research into the effects of Vitamin C, its role in the prevention of PMI in a large population has yet to be fully studied. Accordingly, we decided to assess the effects of Vitamin C on the level of PMI biomarkers following acute myocardial infarction and PCI.
Methods
The present study was conducted as a prospective, single-center, randomized, double-blind trial in Tehran Heart Center affiliated with Tehran University of Medical Sciences, Tehran, Iran (Registration No. IRCT 201606048698N19 at http://www.irct.ir, a primary registry in the WHO's registry network setup). In total, 252 patients with acute ST-elevation myocardial infarction (STEMI) admitted to our hospital (Tehran Heart Center) between October 2016 and March 2017 and scheduled for primary PCI were evaluated. The inclusion criteria were comprised patients (men or women) between 18 and 80 years of age, ischemic discomfort lasting longer than 20 min and shorter than 6 h, a diagnosis of acute myocardial infarction based on clinical presentations and electrocardiographic findings of new ST elevations ≥2 mm (≥0.2 mV) in men and ≥1.5 mm (≥0.15 mV) in women in leads V 2 -V 3 and/or ≥1 mm (≥0.1 mV) in the other two contiguous limb leads, and undergoing PCI within 120 min of admission.
The key exclusion criteria included patients with cardiac arrest, ventricular fibrillation, or cardiogenic shock requiring chest compressions or cardiopulmonary resuscitation; patients with evidence of coronary collaterals (the Rentrop grade = 2-3) to the region at risk on initial coronary angiography (at the time of admission); patients with impaired renal function (creatinine >3.0 mg/dL); patients on N-acetylcysteine; patients with known medically unmanageable allergies to aspirin, clopidogrel, heparin, contrast media, or stainless steel; patients with current warfarin therapy; life expectancy shorter than 12 months; and recipients of heart transplantation.
The study protocol was approved by the Local Ethics Committee of Tehran University of Medical Sciences (IR.TUMS.PSRC.REC.1396.2529), and informed written consent was obtained from all the participants.
All the patients who met the eligibility criteria were randomized using permuted randomization block in a 1:1 ratio in a study group of 126 patients to receive a prophylactic infusion of Vitamin C and in a control group of 126 patients. The study group, in addition to the routine treatment as well as general hydration with ≤500 mL normal saline (within 6 h) at a normal rate (0.5 or 1 mL/kg/h), initially received 3 g of Vitamin C (Vitamin C 500 mg/5 mL; Osvah Pharmaceutical Co., Tehran, Iran) diluted in 50 mL of 0.9% saline infused slowly through IV drips at a rate of 0.5 g/min in the emergency department before angioplasty and stenting. Afterward in the catheterization laboratory after stenting, the study group was given 100 mg of intracoronary Vitamin C. The control group administered the same volume of a saline solution (NaCl) both for IV and intracoronary administration.
Catheterization was done through the radial or mainly femoral artery. Then, a hemostatic puncture closing device was used. The choice of the type of contrast media was left to the discretion of the interventional cardiologist in the catheterization laboratory. Two types of iso-osmolar nonionic contrast media in different volumes were used in the coronary angioplasty procedures: iodixanol (Visipaque 320, GE Healthcare, Norway) and iopromide (Ultravist 300, Bayer Schering Pharma, Germany).
We took blood samples before and subsequently 6 and 12 h after PCI to measure the level of CK-MB and high-sensitive Troponin T. The assay fulfills the guidelines of American College of Cardiology/European Society of Cardiology/Academy of the American Association for Clinical Chemistry in achieving <10% coefficient of variation at the 99 percentile upper reference limit of the reference population. Normal limits were <3.77 ng/mL for CK-MB and <24 ng/L for high-sensitive troponin T. In addition, we measured the levels of NGAL and P-selectin in a subset of 119 patients by collecting blood samples before and after 6 h following PCI.
A PMI event after PCI was the primary end-point of the current study. An increase in the level of CK-MB and troponin T was defined as a PMI event. The second end-point was the occurrence of CI-AKI, defined as an increase in the level of NGAL within 6 h of exposure to the contrast media. The level of P-selectin was measured at each study time point for an assessment of platelet aggregation.
The statistical analyses were performed using SPSS software, version 20.0 (IBM, USA). The normal distribution of the data was checked using the Kolmogorov-Smirnov test. The nonnormally distributed variables were log transformed before the analysis. The Chi-square test was employed to compare the patients' characteristics, as the discrete variables, between the two groups. The continuous variables were analyzed using the independent samples t-test, as appropriate. Interventional study data were also analyzed for the assessment of the effect of treatment on blood levels of troponin T and CK-MB, performing a repeated-measure ANOVA with between-subject factor (treatment group) and within-subject factor (time). P < 0.05 was considered as statistically significant.
Results
A total of 300 patients were enrolled in the present trial. Of the 300 patients, we excluded 48 because they had mild coronary artery disease (17/ . The remaining 252 patients were randomly assigned to receive either the routine treatment plus Vitamin C (n = 126) or only the routine treatment (n = 126) [ Figure 1 ].
The clinical characteristics, including age, sex, heart disease risk factors, and concomitant medications, were similar in the two groups [ Table 1 ]. The type of the contrast media and the mean volume of the contrast media were not significantly different between the two groups, and nor was there a significant difference between the groups with respect to the baseline renal function [ Table 1 ]. The angiographic parameters, consisting of the thrombolysis in myocardial infarction (TIMI) flow, target vessels, number of the vessels, and types of the stents used in the procedures, were similar in both groups too.
In the study of primary end-point, serum levels of troponin T after 12 h were significantly lower in the study group than in the control group (P = 0.003) [ Figure 2 ]. An increase by fivefold, the ULN in the level of troponin T was significantly less frequent in the Vitamin C group (91.5% vs. 93.8%; P = 0.009), as was the rise by threefold, the ULN in the level of troponin T (94.4% vs. 97.2%; P = 0.078) [ Figure 2 ]. The serum level of CK-MB after 6 h (P = 0.00) [ Figure 2 ] and the levels of CK-MB more than fivefold and threefold the ULN [ Figure 3 ] were also significantly reduced by Vitamin C treatment compared with the control group (60.8% vs. 69.9%; P = 0.031 and 72% vs. 78.2%; P = 0.088, respectively).
The frequency of CI-AKI was 5.5%, 4.7% (n = 6) in the Vitamin C group and 6.3% (n = 8) in the control group based on the definition of CI-AKI as a 25% rise in the level of serum creatinine 48 h after contrast exposure. There were no significant differences in CI-AKI between the two groups. The level of serum creatinine was decreased from 0.94 to 0.93 mg/dL (P = 0.011) in the study group, whereas it was increased from 0.93 to 0.95 mg/dL (P = 0.001) in the control group within 48 h of the contrast media administration. Of the 252 patients, 119 patients (66 in the Vitamin C group and 53 in the control group) were randomly assigned to determine the occurrence of CI-AKI by measuring the plasma level of NGAL. There were no significant differences between the two groups regarding the baseline characteristics. The change in the level of NGAL within 6 h was statistically similar in the two groups (P = 0.36).
The serum level of P-selectin after the procedure was decreased in both groups within 6 h; Vitamin C supplementation made no significant difference in the level of P-selectin (P = 0.65). 
Discussion
In the present study, a novel strategy was applied for intracoronary plus IV administration of the antioxidant ascorbic acid in patients with STEMI who were undergoing primary PCI within a limited time to achieve the appropriate concentration of Vitamin C for scavenging free radicals. Our findings demonstrated that ascorbic acid reduced the incidence of PMI and conferred cardioprotective effects.
PMI occurs as a serious PCI complication and ranges widely, from minor elevations in cardiac biomarkers to large myocardial injuries.
Prasad et al. [11] reported that only an elevation in cardiac troponin T, as a sensitive and specific marker of myonecrosis, was correlated with higher rates of death and myocardial injury.
However, any slight but statistically significant increase in CK-MB after PCI is clinically important as it can raise the risk of death.
[12] Therefore, we evaluated the possible effects of Vitamin C administration on the level of these biomarkers to assess its role on PMI.
Numerous studies have demonstrated the role of oxidative stress in cardiac reperfusion injury. Reperfusion of the ischemic myocardium in STEMI patients is also associated with the release of 4-hydroxy-2-nonenal, which is produced by lipid peroxidation in cells. Furthermore, the antioxidant activity of SOD is significantly decreased among patients with impaired tissue perfusion (myocardial blush grade <2). [13] Basili et al. [4] reported that plasma levels of 8-hydroxy-2'-deoxyguanosine and 8-iso-prostaglandin F 2 -alpha, as the indices of oxidative stress, were significantly increased in their PCI group, while they were significantly reduced in their Vitamin C-treated group.
Ascorbic acid is a wide range of free radical scavengers, a powerful antioxidant, and acts as a co-antioxidant too. The rapid release of free radicals has been observed after the reperfusion of the ischemic myocardium in experimental models, and in primary PCI, in patients with acute STEMI, which is known to play a potential role in the creation of oxidative stress. Vitamin C plasma concentrations as a primary circulatory antioxidant decreased ≥50% on the 1 st day after cardiac arrest. Furthermore, it reduced in many other critically ill patients such as sepsis, hemorrhage, myocardial infarction, or traumatic brain injury. The infusion of Vitamin C attenuates the production of superoxide and the pathophysiological cascade of disadvantageous heart effects such as acute myocardial infarction, reperfusion injury in PCI, and postoperative atrial fibrillation. [3, 14] To reach these positive outcomes on oxidative stress, we administered Vitamin C both intravenously and intracoronary. However, we did not evaluate the biomarkers of oxidative stress in this study.
Few clinical studies have investigated IV Vitamin C during PCI for PMI. As was mentioned before, recent studies by Basili et al. [4] have shown that the infusion of 1 g of Vitamin C 1 h before elective PCI will scavenge oxygen radicals and improve microcirculatory perfusion. [4] However, only 56 patients were studied in their research, while the sample size used in the present research was larger, that is, 252 patients.
In a study by Wang et al., [6] the infusion of 3 g of Vitamin C within 6 h before elective PCI significantly decreased the incidence of PMI. The authors postulated that this finding might have been in consequence of the potential role of oxidative stress and decreased levels of plasma 8-hydroxy-2'-deoxyguanosine (a marker of oxidative stress). Hence, we used 3 g dose of Vitamin C administered intravenously before primary PCI.
Only one study by Ramos et al., which was done on 99 patients, estimated the effect of Vitamin C administered just before PCI for acute myocardial infarction on oxidative stress. It was shown that administrating intravenously high doses of ascorbic acid, 320 mmol/l during 3 h, and then receiving an oral doses for 84 continuous days after PCI resulted in a significant increase in plasma (ferric-reducing ability of plasma) as the total antioxidant capacity of plasma, but did not affect the infarct size, ejection fraction, and heart biomarkers between the groups. [15] The participants of the study were patients with STEMI who underwent primary PCI. These patients have a high level of oxidative stress. [3, 13, 14] To reach a high concentration of Vitamin C and fight oxygen free radicals, intracoronary plus IV was administered.
Supraphysiological blood concentrations of Vitamin C are needed to scavenge superoxide radicals. In a few studies on Vitamin C pharmacokinetics, it has been shown that the infusion of high doses of Vitamin C can provide the peak concentrations needed for the induction of antioxidant effects without any adverse effects. [16, 17] We chose the dose of Vitamin C in our study in accordance with the abovementioned studies as well as that by Mak et al., [18] on the intracoronary administration of Vitamin C which is sufficient in vitro to compete with O 2 . and prevent its participation in a reaction.
Although PCI promotes the return of blood flow to the epicardium, the rise in cardiac enzymes tends to continue due to the occurrence of PMI. Fewer patients in our Vitamin C-allocated group experienced a rise in their level of CK-MB and a rise in their level of troponin T threefold or fivefold the ULN 12 h post-PCI. It could be associated with decreased long-term mortality. [11, 12] As the previous studies have shown, [4, 6, 15] the reason may be the antioxidant effects of Vitamin C and improvement in microvascular perfusion. Nonetheless, the exact mechanism for the prevention of PMI is still far from clear.
Sadat et al. [19] and Xu et al. [7] conducted a systematic review with a meta-analysis of relevant randomized controlled trials and reported that Vitamin C had effective nephroprotection impacts against CI-AKI. In a study by Khaledifar et al. , [20] ascorbic acid was added to normal saline infusions, but it failed to show beneficial effects in terms of CI-AKI prevention.
Brueck et al. [21] administered 500 mg of ascorbic acid at 24 h and 1 h before elective cardiac catheterization and reported that it did not prevent CI-AKI in their patients with chronic kidney disease. However, ascorbic acid as compared with saline hydration alone decreased the rate of CI-AKI in patients with serum creatinine levels below 1.4 mg/dL.
Recently, Rollins et al. [22] in a murine model of CI-AKI observed that ascorbic acid reduced the urinary NGAL-to-creatinine ratio, which is indicative of the frequency and severity of the renal injury.
Due to the conflicting results and lack of studies done in a primary setting in the available literature, we conducted the present study to evaluate the effects of ascorbic acid on the occurrence of CI-AKI in patients undergoing primary coronary angioplasty. In our study, the rate of CI-AKI occurrence was 4.6% totally, 3.9% (n = 6) in the Vitamin C-treated group and 5.2% (n = 8) in the control group based on the definition of CI-AKI, as at least a 25% relative increase in the baseline serum creatinine level in unselected patients. In our study, almost 90% of the study population had normal serum creatinine levels (<1.2 mg/dL).
Our findings were in line with the Brueck et al. [21] and Khaledifar et al. [20] studies which showed that Vitamin C infusion on the occurrence of CI-AKI has no more beneficial effect than hydration with sodium chloride; however, they used a lower dose of ascorbic acid and studied patients with chronically impaired renal function.
In the current study, baseline serum creatinine, hydration, and the use of iso-osmolar nonionic contrast media, which play a role in the occurrence of CI-AKI, were similar in the two groups. Further, the concentration of serum creatinine was measured within 48 h of exposure. We observed a statically nonsignificant decline in the mean serum creatinine concentration in the Vitamin C group, and a statically nonsignificant rise in the mean serum creatinine concentration in the control group. However, these changes, albeit nonsignificant, may significantly modify the clinical outcome.
Nephrotoxic and ischemic injuries such as those caused by iodinated contrast media lead to the accumulation of NGAL in cortical tubules of human kidney, blood, and urine. Thus, whole-blood NGAL can predict CI-AKI in patients undergoing PCI with good sensitivity and specificity. [8, 23] We measured the level of NGAL in 119 patients and found no significant change in the two study groups; therefore, NGAL failed to predict CI-AKI, which has been reported in some other studies as well. [24] Here, it might be because of our small sample. P-selectin adheres certain leukocytes and platelets to the endothelium. Stohlawetz et al. [25] showed that soluble P-selectin was a sensitive marker for initial platelet activation and reported a rise in the level of soluble P-selectin in different cardiovascular diseases such as coronary artery disease, hypertension, and atrial fibrillation. Stellos et al. [26] assessed the data from 667 patients with symptomatic coronary artery disease that underwent coronary intervention and concluded that an increased level of platelet P-selectin was correlated with a rise in the level of markers of myocardial necrosis (troponin T and CK-MB), particularly in those with STEMI. Thus, P-selectin was selected to examine platelet aggregation.
The administration of antioxidants appears to decrease P-selectin levels. In this regard, Tahir et al. [10] demonstrated a reduction in the level of serum P-selectin among patients with chronic degenerative aortic stenosis in their Vitamin C group.
Basili et al. study has shown that anoxia-reoxygenation increases reactive oxygen species and platelet production of TxB2 and isoprostanes which were inhibited by Vitamin C. Therefore, the effect of Vitamin C on platelet aggregation was measured by P-selectin. [27] In the present study, conducted on STEMI patients, we found that while the level of P-selectin was high, as was expected, in both Vitamin C-treated and control groups before the procedure because of myocardial damage, platelet activation, and the formation of thrombosis in the onset of acute coronary syndrome, it was decreased after angioplasty. Despite the impact of Vitamin C on platelet function and P-selectin, [28] the difference between the two groups failed to constitute statistical significance, and Vitamin C supplementation has no additional effect on reducing platelet aggregation. In our subgroup analysis, the two groups were similar with regard to TIMI flow and thrombosis grade.
Our study could have been plausible by doing a larger trial, and with a larger sample size, we could reach a firm conclusion regarding the effects of Vitamin C on PMI, thrombosis formation, and CI-AKI. Furthermore, we could have assessed the infarct size plus a functional determination by cardiac magnetic resonance too. Moreover, we failed to determine the optimal dose and duration of Vitamin C infusion intravenously before PCI and intracoronarily during PCI. In addition, had we performed a long-term follow-up of our study population, our evaluation of the impact of Vitamin C on clinical outcomes would have been more robust.
In summary, the results of the present prospective randomized study showed that the prophylactic infusion of Vitamin C, as a safe, well-tolerated, and inexpensive antioxidant, appeared to have decreased PCI-related PMI by reducing the level of troponin T and CK-MB, as predictors of mortality, as well as the level of serum creatinine.
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